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WK ,QWHUQDWLRQDO &ROG &OLPDWH +9$&  &RQIHUHQFH &&+9$& 
5HVHDUFK RQ SHUIRUPDQFH RI WKH FRXSOHG KHDW DQG PDVV WUDQVIHU LQ
JURXQG VRXUFH KHDW SXPS V\VWHP
<D[LX *XDE )HQJIHQJ 0DD DQG :HQNH :DQJ DE
D6FKRRO RI (QYLURQPHQWDO 6FLHQFH DQG (QJLQHHULQJ &KDQJ¶DQ 8QLYHUVLW\ ;L¶DQ  &KLQD
E.H\ /DERUDWRU\ RI 6XEVXUIDFH +\GURORJ\ DQG (FRORJ\ LQ $ULG $UHDV &KDQJ¶DQ 8QLYHUVLW\ 0LQLVWU\ RI (GXFDWLRQ ;L¶DQ  &KLQD
$EVWUDFW
(QYLURQPHQWDO LPSURYHPHQWV UHTXLUH ZDVWH PLQLPL]DWLRQ UHGXFHG DLU SROOXWLRQ IURP YHKLFOHV GLVWULEXWHG HQHUJ\ JHQHUDWLRQ DQG
UHGXFWLRQ RI JUHHQKRXVH JDV HPLVVLRQV 8WLOL]LQJ VRODU HQHUJ\ JHRWKHUPDO HQHUJ\ ZDVWH KHDW DQG H[KDXVW KHDW DV WKH KHDW VRXUFH
WR FRPSOHWH WKH UHIULJHUDWLQJ DQG DLU FRQGLWLRQLQJ SURFHVV LV DQ LPSRUWDQW ZD\ WR GHYHORS PRUH HIILFLHQW XWLOL]DWLRQ RI HQHUJ\
7KHUHIRUH JURXQG VRXUFH KHDW SXPSV *6+3 GULYHQ E\ JURXQG KHDW KDYH RXWVWDQGLQJ HQHUJ\ VDYLQJ HIIHFW VLQFH WKH\ DUH
RSHUDWHG DW KLJK FRHIILFLHQW RI SHUIRUPDQFH &23 ZLWKRXW DLU SROOXWLRQ *6+3 LV ZLGHO\ GHYHORSHG EHFDXVH RI LWV RXWVWDQGLQJ
DGYDQWDJHV LQ HQHUJ\ FRQVHUYDWLRQ DQG HQYLURQPHQWDO SURWHFWLRQ 6RLO KHDW XVHG E\ *6+3 LV SROOXWLRQIUHH 7KH GHYHORSPHQW RI
*6+3 LV UHVWULFWHG E\ PDQ\ IDFWRUV DQG WKH NH\ RQH LV WKH KHDW DQG PDVV WUDQVIHU SHUIRUPDQFH RI JURXQG KHDW H[FKDQJHU *+(
7KLV VWXG\ WDNHV *+( DV WKH REMHFW DQG WKHQ UHVHDUFKHV LWV KHDW DQG PDVV WUDQVIHU SHUIRUPDQFH 7KH WKUHHGLPHQVLRQDO QXPHULFDO
PRGHO RI WKH FRXSOHG KHDW DQG PDVV WUDQVIHU LV HVWDEOLVKHG VR DV WR DQDO\VLV WKH KHDW DQG PDVV WUDQVIHU XQGHU GLIIHUHQW LQLWLDO VRLO
WHPSHUDWXUHV DQG VRLO PRLVWXUH FRQWHQWV 7KH GXDO SXUSRVH RI WKLV VWXG\ LV WR HYDOXDWH WKH QXPHULFDO PRGHO RI WKH FRXSOHG KHDW
DQG PDVV WUDQVIHU DQG WR DQDO\]H WKH KHDW DQG PDVV WUDQVIHU SHUIRUPDQFH
  7KH $XWKRUV 3XEOLVKHG E\ (OVHYLHU /WG
3HHUUHYLHZ XQGHU UHVSRQVLELOLW\ RI WKH RUJDQL]LQJ FRPPLWWHH RI &&+9$& 
.H\ZRUGV *URXQG VRXUFH KHDW SXPS +HDW DQG PDVV WUDQVIHU &RXSOHG SHUIRUPDQFH
 ,QWURGXFWLRQ
$ VHULHV RI PHDVXUHV OLNH ZDVWH PLQLPL]DWLRQ UHGXFHG DLU SROOXWLRQ IURP YHKLFOHV GLVWULEXWHG HQHUJ\ JHQHUDWLRQ
DQG UHGXFWLRQ RI JUHHQKRXVH JDV HPLVVLRQ DUH UHTXLUHG IRU HQYLURQPHQWDO LPSURYHPHQWV &2 DQG 62 HPLVVLRQV LQ
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&KLQD KDYH EHHQ WKH VHFRQG DQG WKH ILUVW RYHU WKH ZRUOG >@7KH DYHUDJH EXLOGLQJ HQHUJ\ FRQVXPSWLRQ DFFRXQWV IRU
DERXW  RI WKH WRWDO HQHUJ\ FRQVXPSWLRQ LQ WKH ZRUOG DQG DERXW  LQ &KLQD >@ 8WLOL]LQJ VRODU HQHUJ\
JHRWKHUPDO HQHUJ\ ZDVWH KHDW DQG H[KDXVW KHDW DV WKH KHDW VRXUFH WR FRPSOHWH WKH UHIULJHUDWLQJ DQG DLU FRQGLWLRQLQJ
SURFHVV LV DQ LPSRUWDQW ZD\ WR GHYHORS PRUH HIILFLHQW XWLOL]DWLRQ RI HQHUJ\
7KH *6+3 GULYHQ E\ JURXQG KHDW KDV D JUHDW HQHUJ\VDYLQJ HIIHFW VLQFH LW LV RSHUDWHG DW KLJK FRHIILFLHQW RI
SHUIRUPDQFH &23 ZLWKRXW DLU SROOXWLRQ >@ 7KH DSSOLFDWLRQ DQG GHYHORSPHQW RI UHQHZDEOH HQHUJ\ OLNH JHRWKHUPDO
HQHUJ\ DUH DFWLYHO\ DGYRFDWHG E\ WKH &KLQHVH JRYHUQPHQW >@ )LULQJ FRDO LV VWLOO WKH PDLQ SDWWHUQ LQ HQHUJ\
XWLOL]DWLRQ LQ &KLQD WKHUHIRUH OHDGV WR D VHYHUHO\ SROOXWHG HQYLURQPHQW 7KH EHVW ZD\ LV WR VWUHQJWKHQ WKH XWLOL]DWLRQ
DQG GHYHORSPHQW RI UHQHZDEOH HQHUJ\ VRXUFHV DQG WR LPSURYH WKH HQHUJ\ VDYLQJ WHFKQRORJ\ 7KH UHVHDUFK RQ JURXQG
VRXUFH KHDW SXPSV LV DEVROXWHO\ QHFHVVDU\ IRU LW VDYHV ODQG UHVRXUFH DQG WKH VRLO WHPSHUDWXUH LV VWHDG\ >@
&RQVLVWLQJ RI VROLG OLTXLG DQG JDV VRLO LV D NLQG RI SRURXV PHGLD %RWK KHDW FRQGXFWLRQ DQG KHDW FRQYHFWLRQ H[LVW
LQ WKH KHDW WUDQVIHU SURFHVV >@ 7KH QXPHULFDO PRGHO RI WKH FRXSOHG KHDW DQG PDVV WUDQVIHU LV HYDOXDWHG DQG WKH KHDW
DQG PDVV WUDQVIHU SHUIRUPDQFH LV DQDO\]HG LQ WKLV SDSHU *URXQG VRXUFH KHDW SXPS LV VWURQJO\ LQIOXHQFHG E\ WKH
WKHUPRSK\VLFDO SDUDPHWHUV RI VRLO 7KLV VWXG\ PDLQO\ DQDO\]HV WKH KHDW DQG PDVV WUDQVIHU SHUIRUPDQFH XQGHU
GLIIHUHQW LQLWLDO VRLO WHPSHUDWXUHV DQG VRLO PRLVWXUH FRQWHQWV
1RPHQFODWXUH
*6+3 JURXQG VRXUFH KHDW SXPS
&23 FRHIILFLHQW RI SHUIRUPDQFH
*+( JURXQG KHDW H[FKDQJHU
D WKHUPDO GLIIXVLRQ FRHIILFLHQW PV
U GLVWDQFH IURP WKH FHQWHU RI WKH ERUHKROH P
7 VRLO WHPSHUDWXUH DW WKH WLPH RI Ĳ ZLWK U PHWHU IURP WKH FHQWHU RI WKH ERUHKROH .
3 SUHVVXUH 3D
F VSHFLILF KHDW FDSDFLW\ -NJā.
' PDVV GLIIXVLYLW\ FRHIILFLHQW PV
5 JDV FRQVWDQW -PROā.
+ ODWHQW KHDW RI YDSRUL]DWLRQ N-NJ
Y YHORFLW\ RI ZDWHU WKURXJK WKH SLSH PV
W IOXLG WHPSHUDWXUH WKURXJK WKH SLSH .
O OHQJWK RI WKH YHUWLFDO *+( P
*UHHN V\PEROV
Ĳ HODSVHG WLPH RI *+( V
ѓ VRLO SRURVLW\
ș VRLO PRLVWXUH FRQWHQW
ȡ GHQVLW\ NJP
Ȝ WKHUPDO FRQGXFWLYLW\ RI VRLO :Pā.
6XEVFULSWV
Z ZDWHU LQ VRLO
Y ZDWHU YDSRXU LQ VRLO
V VROLG SKDVH LQ VRLO
Z OLTXLG ZDWHU DW D PRLVWXUH JUDGLHQW LQ XQVDWXUDWHG VRLO
Z7 OLTXLG ZDWHU DW D WHPSHUDWXUH JUDGLHQW LQ XQVDWXUDWHG VRLO
LQ LQOHW
RXW RXWOHW
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 0HWKRGV
7KH *+( LV XVHG IRU DEVRUELQJ RU UHOHDVLQJ KHDW IURP RU LQWR WKH JURXQG ,W FRQVLVWV RI VHDOHG ORRS 8WXEH SLSHV
EXULHG LQ ERUHKROHV ZKLFK DUH FRQQHFWHG WR WKH KHDW SXPS WKURXJK FLUFXODU ZDWHU SLSHOLQHV >@
 (VWDEOLVKPHQW RI QXPHULFDO PRGH
:DWHU LQ 8WXEH ZDV DVVXPHG WR EH LQFRPSUHVVLEOH 7KH PDVV FRQVHUYDWLRQ HTXDWLRQ FRQWLQXLW\ HTXDWLRQ DQG
WKH HQHUJ\ FRQVHUYDWLRQ HTXDWLRQ GHULYHG DV IROORZV ZHUH XVHG WR DQDO\]H WKH KHDW WUDQVIHU RI WKH *+(
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US 

 &DOFXODWLRQ RI QXPHULFDO VLPXODWLRQ
'LIIHUHQW LQLWLDO VRLO WHPSHUDWXUHV DQG SK\VLFDO SURSHUWLHV ZHUH WDNHQ LQWR DFFRXQW LQ WKH KHDW DQG PDVV WUDQVIHU
SURFHVV 7KH PRGHO KDV EHHQ YDOLGDWHG EDVHG RQ DQ H[SHULPHQWDO VWXG\ 7KH WKUHHGLPHQVLRQDO QXPHULFDO VLPXODWLRQ
LV DFFRPSOLVKHG E\ &)' VRIWZDUH
,Q WKLV PRGHO WKH 8WXEH SLSH UDGLXV LV PP DQG WKH ERUHKROH UDGLXV LV PP :LWKLQ VRLO ZLWK D UDGLXV RI P
D P GHSWK YHUWLFDO *+( LV VLPXODWHG LQ WKLV SDSHU 7KH WXEH VSDFLQJ RI WKH YHUWLFDO 8WXEH LV PP 7KH IOXLG
LQOHW DQG RXWOHW DUH GHILQHG DV 9(/2&,7<B,1/(7 DQG 287)/2: 7KH ZDWHU IORZ UDWH LV PV DQG LWV LQOHW
WHPSHUDWXUH LV . 7KH VXUIDFH RI VRLO LV GHILQHG DV :$// ZLWK WKH FRQYHFWLRQ KHDW WUDQVIHU ERXQGDU\ FRQGLWLRQ
DQG RWKHU VXUIDFHV DUH GHILQHG DV :$// ZLWK WKH FRQVWDQW WHPSHUDWXUH ERXQGDU\ FRQGLWLRQV 7KH DLU WHPSHUDWXUH LV
. DQG WKH FRQYHFWLRQ KHDW WUDQVIHU FRHIILFLHQW LV :Pā. 2WKHU UHODWHG SDUDPHWHUV DUH JLYHQ DV VKRZQ LQ
7DEOH  DQG 7DEOH 
7KH PHVK RI WKLV SK\VLFDO PRGHO LV HVWDEOLVKHG E\ *$0%,7 VRIWZDUH 7KH KHDW WUDQVIHU LQ EDFNILOO PDWHULDOV
LQVLGH WKH ERUHKROH LV VWURQJHU WKDQ WKDW LQ VRLO RXWVLGH WKH ERUHKROH 6R WKH PHVK JHQHUDWLRQ RI VRLO RXWVLGH WKH
ERUHKROH LV LQVLGHRXW VSDUVH DW D FHUWDLQ UDWLR DQG IRU WKH EDFNILOO LQVLGH WKH ERUHKROH LW QHHGV WR EH LQWHQVLYH
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:KDW¶V PRUH WKH EHQG WXEH VHFWLRQ RI WKH 8WXEH UHTXLUHV VWLOO GHQVHU ,QWHUYDO FRXQW LV PP LQ YHUWLFDO GLUHFWLRQ
IRU WKH WHPSHUDWXUH FKDQJH LV QRW REYLRXV LQ WKLV RULHQWDWLRQ 7KH PHVK JHQHUDWLRQ RI WKLV PRGHO LV VKRZQ LQ )LJ 
7KHQ PHVK ILOH LV H[SRUWHG IURP *$0%,7 VRIWZDUH DQG LPSRUWHG LQWR )/8(17 VRIWZDUH 6HSDUDWH VROYHU DQG
LPSOLFLW DOJRULWKP DUH FKRVHQ LQ WKLV SDSHU 6WDQGDUG N ± İ PRGHO LV XVHG WR FDOFXODWH WKH WXUEXOHQW IORZ RI WKH IOXLG
LQ 8WXEH
7DEOH  7KHUPDO FRQGXFWLYLW\ XQGHU GLIIHUHQW VRLO PRLVWXUH FRQWHQWV >@
6RLO PRLVWXUH FRQWHQW PP    
7KHUPDO FRQGXFWLYLW\ :Pā.    
7DEOH  7KHUPRSK\VLFDO SDUDPHWHUV RI DOO NLQGV RI PDWHULDOV
'HQVLW\ NJP 6SHFLILF KHDW -NJā. 7KHUPDO FRQGXFWLYLW\ :Pā.
6RLO   
%DFNILOO PDWHULDOV   
3( SLSH   
:DWHU   
)LJ  D 0HVK JHQHUDWLRQ RI WKH EHQG WXEH VHFWLRQ E 0HVK JHQHUDWLRQ RI WKH VRLO VHFWLRQ
 5HVXOWV DQG GLVFXVVLRQV
7KH QXPHULFDO KHDW DQG PDVV WUDQVIHU PRGHO WRRN LQWR DFFRXQW GLIIHUHQW LQLWLDO VRLO WHPSHUDWXUHV DQG SK\VLFDO
SURSHUWLHV ,Q DGGLWLRQ WKH YDOLGDWHG PRGHO LV XVHG WR LQYHVWLJDWH WKH RSWLPDO VRLO PRLVWXUH FRQWHQW WR LPSURYH WKH
PDVV WUDQVIHU SHUIRUPDQFH
 ,QIOXHQFH RQ KHDW WUDQVIHU XQGHU GLIIHUHQW LQLWLDO VRLO WHPSHUDWXUHV
7HPSHUDWXUH GLVWULEXWLRQ EHWZHHQ VRLO DQG WKH *+( DW WKH LQLWLDO VRLO WHPSHUDWXUH RI . LV VLPXODWHG E\
)/8(17 VRIWZDUH 7KH WKUHH SRLQWV $ % DQG & WKDW DUH DW WKH GHSWK RI P DQG P QHDU WKH LQOHW DQG RI P
QHDU WKH RXWOHW DUH FKRVHQ DV PRQLWRULQJ SRLQWV $V VKRZQ LQ )LJ  D DQG E WHPSHUDWXUH GLVWULEXWLRQV RI WKH WRS
DQG ERWWRP RI WKH PRGHO DUH VLPXODWHG LQ WKH VWHDG\ VWDWH RSHUDWLQJ FRQGLWLRQ 7KH ZDWHU WHPSHUDWXUH GLIIHUHQFH
EHWZHHQ LQOHW DQG RXWOHW LV . ZKHQ WKH QXPHULFDO VLPXODWLRQ FRQYHUJHV HIIHFWLYHO\
7KH VLPXODWLRQ UHVXOWV LQ )LJ  VKRZ WKDW IRU D P GHSWK YHUWLFDO *+( WKH ILUVW P RI WKH YHUWLFDOO\ EXULHG
*+( KDV D KLJKHU KHDW WUDQVIHU SHUIRUPDQFH WKDQ LWV ODVW P VHFWLRQ
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7KH VLPXODWLRQ UHVXOWV DW WKH LQLWLDO VRLO WHPSHUDWXUHV RI . . DQG . DUH VKRZQ LQ 7DEOH  DQG 7DEOH 
7HPSHUDWXUHV RI WKH WKUHH PRQLWRULQJ SRLQWV DQG WKH RXWOHW VKRZQ LQ 7DEOH  DUH VLPXODWHG LQ WKH VWHDG\ VWDWH
RSHUDWLQJ FRQGLWLRQ DQG WHPSHUDWXUH ULVHV RI WKH WKUHH PRQLWRULQJ SRLQWV DUH VKRZQ LQ 7DEOH 
)LJ  D 7HPSHUDWXUH GLVWULEXWLRQV RI WKH WRS VHFWLRQ RI *+( LQ VWHDG\ VWDWH E 7HPSHUDWXUH GLVWULEXWLRQV RI WKH ERWWRP VHFWLRQ RI *+( LQ
VWHDG\ VWDWH
7DEOH  7HPSHUDWXUHV RI WKH PRQLWRULQJ SRLQWV XQGHU GLIIHUHQW LQLWLDO VRLO WHPSHUDWXUHV LQ VWHDG\ VWDWH
. . .
0RQLWRULQJ SRLQW $ . . .
0RQLWRULQJ SRLQW % . . .
0RQLWRULQJ SRLQW & . . .
2XWOHW . . .
7DEOH  7HPSHUDWXUH ULVH RI WKH PRQLWRULQJ SRLQWV XQGHU GLIIHUHQW LQLWLDO VRLO WHPSHUDWXUHV LQ VWHDG\ VWDWH
. . .
0RQLWRULQJ SRLQW $ . . .
0RQLWRULQJ SRLQW % . . .
0RQLWRULQJ SRLQW & . . .
6KRZQ LQ 7DEOH  WHPSHUDWXUH RI WKH SRLQW $ LV KLJKHU WKDQ WKH SRLQW % DQG & DW WKH VDPH VRLO LQLWLDO WHPSHUDWXUH
7KDW LV WR VD\ WKH VRLO WHPSHUDWXUH QHDU WKH 8WXEH LQOHW WKH OHIW VLGH LV KLJKHU WKDQ WKDW QHDU WKH RXWOHW WKH ULJKW
VLGH DQG VRLO WHPSHUDWXUH RI WKH WRS VHFWLRQ RI *+( LV KLJKHU WKDQ WKDW RI WKH ERWWRP VHFWLRQ 7KHUH LV D KHDW
WUDQVIHU EHWZHHQ VRLO DQG WKH *+( ZKHQ WKH ZDWHU IORZV LQ 8WXEH 7KH ZDWHU WHPSHUDWXUH GHFUHDVHV ZKLOH WKH VRLO
WHPSHUDWXUH LQFUHDVHV GXULQJ WKH IORZ 7KH VRLO WHPSHUDWXUH QHDU WKH LQOHW DQG RI WKH WRS RI *+( LV KLJKHU GXH WR D
ODUJHU WHPSHUDWXUH GLIIHUHQFH
7KH FRUUHVSRQGLQJ VLPXODWLRQ UHVXOWV DUH GLIIHUHQW ZKLOH WKH LQLWLDO VRLO WHPSHUDWXUH LV . . DQG .
UHVSHFWLYHO\ ,W LV VKRZQ LQ 7DEOH  DQG 7DEOH  WKDW WHPSHUDWXUH ULVHV RI WKH PRQLWRULQJ SRLQWV LQFUHDVH DQG WKH
RXWOHW WHPSHUDWXUH GHFUHDVHV ZLWK WKH GHFUHDVH LQ VRLO LQLWLDO WHPSHUDWXUH 7KLV OHDGV WR DQ LQFUHDVH LQ WKH WHPSHUDWXUH
GLIIHUHQFH EHWZHHQ VRLO DQG ZDWHU LQ 8WXEH 7KH KHDW WUDQVIHU RI YHUWLFDOO\ EXULHG *+( LV VWUHQJWKHQHG LQ D KLJK
WHPSHUDWXUH GLIIHUHQFH 6R WKH KHDW WUDQVIHU SHUIRUPDQFH DW D ORZHU LQLWLDO VRLO WHPSHUDWXUH LV EHWWHU WKDQ WKDW DW D
KLJKHU LQLWLDO VRLO WHPSHUDWXUH
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 ,QIOXHQFH RQ KHDW WUDQVIHU XQGHU GLIIHUHQW VRLO PRLVWXUH FRQWHQWV
7KH LQIOXHQFH RI VRLO PRLVWXUH FRQWHQWV RI PP PP PP DQG PP RQ KHDW WUDQVIHU
SHUIRUPDQFH DW WKH LQLWLDO VRLO WHPSHUDWXUH RI . LV VKRZQ LQ )LJ  7KH VLGHV DQG ERWWRP RI VRLO LV GHILQHG DV
FRQVWDQW WHPSHUDWXUH ERXQGDU\ FRQGLWLRQV 7KHUPDO FRQGXFWLYLW\ LQFUHDVHV ZLWK WKH LQFUHDVH LQ VRLO PRLVWXUH FRQWHQW
7KLV OHDGV WR DQ LQFUHDVH LQ WKH KHDWH[FKDQJH UDWH SHU GHSWK ,W PHDQV WKDW KLJKHU VRLO PRLVWXUH FRQWHQW EHQHILWV WKH
KHDW WUDQVIHU SHUIRUPDQFH RI WKH *+(
)LJ  +HDWH[FKDQJH UDWH SHU GHSWK XQGHU GLIIHUHQW VRLO PRLVWXUH FRQWHQWV DW WKH LQLWLDO VRLO WHPSHUDWXUH RI .
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